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ABSTRACT: Small-angle neutron scattering (SANS) from cationic globular micellar solutions composed of sodium dodecyl sulfate 
(SDS) and in water was studied with contrast variation approach. Extensive computational studies have demonstrated that the distri-
bution of invasive water is clearly an important feature for understanding the self-organization of SDS molecules and the stability of 
assemblies. However, in existing scattering studies the degree of hydration level was not examined explicitly. Here using the scheme 
of contrast variation, we establish a methodology of SANS to determine the intra-micellar radial distributions of invasive water and 
SDS molecules from the evolving spectral lineshapes caused by the varying isotopic ratio of water. A detailed description hydration 
of SDS micelles is provided, which in an excellent agreement with known results of many existing simulations studies. Extension of 
our method can be used to provide an in-depth insight into the micellization phenomenon which is commonly found in many soft 
matter systems. 
Sodium dodecyl sulfate (SDS) are amphiphilic molecules 
consisting of a sulfate group as the polar head and a hydro-
phobic dodecyl group in the tail region. In the aqueous envi-
ronment they are known to self-organize into a variety of ag-
gregates with different geometric shapes depending on the 
external thermodynamic conditions. SDS micelles are 
among the most thoroughly studied ionic micellar systems 
and has been treated as a model micellar system to provide 
insight into the links between the molecular structure, inter-
action, composition and self-assembled conformation and 
properties.  
Extensive computational studies have examined the struc-
ture and dynamics of SDS micelles in great detail.1–18 Areas 
of research include micellar size, shape, aggregation num-
ber, and their dependence on counterion association and 
temperature,1,2,12 radial distributions and dynamics of inva-
sive water, counterions and SDS molecules,4,13,18 thermal 
stability and kinetics and diffusivity of surfactants exchange, 
and transport properties of associated surfactants.9,10 On the 
other hand, much experimental activity, mainly small angle 
neutron scattering (SANS), has also been devoted to the 
structure study of SDS micelles to determine geometry and 
size of an individual micelle and inter-micellar interac-
tions.19–28  
On the context of computation simulation1–18 and theoretical 
investigation29–36, the conformational description usually be-
gins with the consideration of water penetration. The radial 
distribution of invasive water population is calculated under 
different ionic conditions and temperatures to elucidate the 
role of hydrophobic effect, and its interplay with the electro-
static repulsion among the headgroups region, in determin-
ing the self-assembly processes of SDS molecules. Based on 
the structure of SDS molecule, SDS micelles have been 
treated as core-shell particles with impervious surface in ex-
isting SANS studies.19–28 This modeling restricts the exami-
nation of water profile from the analysis of scattering data. 
Experimental studies of invasive water distribution within a 
SDS micelle are scarce so far. This challenge provides the 
motivation of our study.       
The present work advances the current understanding about 
micellization of SDS molecules in the following ways: using 
SANS technique complemented by the scheme of contrast 
variation, we are able to identify the intra-micellar water and 
SDS molecular distributions, two fundamental spatial corre-
lation functions which determine the conformation of SDS 
micelles. These two distribution functions allow us to calcu-
late the conformational parameters of SDS micelles and to 
understand hydration structure of SDS micelles.  
Sodium dodecyl sulfate (SDS) surfactants were commer-
cially obtained from Sigma and used without further purifi-
cation. Deuterium oxide (D2O) was purchased from Cam-
bridge Isotope Laboratories, Inc. Samples with a fixed SDS 
concentration of 50 mg/mL were prepared. The aqueous sol-
vents used in this experiment were prepared by mixing a pre-
determined amount of D2O and de-ionized water with molar 
ratios of D2O to H2O, defined as 𝛾, at 100:0, 90:10, 80:20, 
70:30, 60:40, 50:50 and 40:60. Samples were prepared by 
weighing the appropriate mass of surfactant and salt and 
adding the necessary volume of water with different values 
of 𝛾 to achieve the desired concentrations. SANS measure-
ments were conducted at the Extended Q-Range Small-An-
gle Neutron Scattering Diffractometer (EQ-SANS) at the 
Spallation Neutron Source (SNS) at Oak Ridge National La-
boratory (ORNL). A sample-to-detector distance of 1.3m 
with an incident neutron wavelength of 6 Å was used to 
cover a 𝑄-range of 0.01 to 0.3 Å−1. The SDS micellar sam-
ples were accommodated by banjo cells with a path length 
of 1 mm, and all the measurements were performed at 25 °C 
using a thermal bath temperature control module. Measured 
 scattering intensities were corrected for detector back-
ground, sensitivity, and empty cell scattering, and were nor-
malized to absolute units using the porous silica standard 
sample as described elsewhere.37,38 
 
Figure 1. The SANS intensity distribution 𝐼(𝑄) (symbols) 
and the associated model fitting curves (solid curves) of SDS 
micellar solutions for seven different scattering contrasts. 
Quantitative agreement between the experimental data and 
model curves is seen. The experimental uncertainties are on 
the order or smaller than the symbol size.  
Figure 1 shows the SANS absolute intensity distributions 
𝐼(𝑄) and the corresponding model fitting curves obtained 
from SDS micellar solutions at seven different levels of scat-
tering contrast (D2O/H2O = 100/0, 90/10, 80/20, 70/30, 
60/40, 50/50 and 40/60). The peak of 𝐼(𝑄) centering around 
0.08 Å−1 is an indication of the strong electrostatic interac-
tions between neighboring micelles. A steady increase in the 
molar ratio of H2O in the solvent deteriorates the scattering 
contrast between SDS micelles and background water and 
results in a progress decrease in the scattering intensity.   
Our goal is to extract the intra-micellar water and SDS sur-
factant distribution using SANS complemented by the tech-
nique of contrast variation. The measured SANS absolute in-
tensity 𝐼(𝑄) is generally modelled by the following factori-
zation expression:  
𝐼(𝑄) = 𝑛𝑚𝛥𝜌𝑚
2 𝑣𝑚
2 𝑃(𝑄)𝑆(𝑄) + 𝐼𝑖𝑛𝑐 , (1) 
where 𝑛𝑚 is the micellar number density, Δ𝜌𝑚 is the differ-
ence of the scattering length density (SLD) between particles 
and background solvent, 𝑣𝑚 is the volume of a SDS micelle, 
and 𝑃(𝑄) is the form factor which describes the intra-micel-
lar spatial correlation, 𝑆(𝑄)  is the inter-micellar structure 
factor which conceals the information regarding the spatial 
distribution of micelles in solutions, and 𝐼𝑖𝑛𝑐  the incoherent 
background, which shows no dependence on scattering 
wavevector 𝑄. Instrument resolution is also considered dur-
ing the data analysis process.  
In this work, Yukawa potential is used to model the inter-
micellar screened Coulomb interaction 𝑉(𝑟). Given this spe-
cific mathematical expression of 𝑉(𝑟), 𝑆(𝑄) is obtained via 
solving the Ornstein-Zernike (OZ) integral equation (OZ) 
with the modified penetrating-background corrected re-
scaled mean spherical approximation (MPB-RMSA) clo-
sure.36 Evidenced by the existing scattering studies,24,27 con-
formation of SDS micelles can be phenomenologically mod-
elled by a fuzzy concentric core-shell sphere and the corre-
sponding 𝑃m(𝑄) can be expressed as  
𝑃m(𝑄) = |𝐹m(𝑄)|
2
= [𝑟c𝐹1(𝑄, 𝑅1, 𝜎1)
+ (1 − 𝑟c)𝐹2(𝑄, 𝑅1, 𝜎𝑔)]
2
, (2) 
where 𝐹1(𝑄, 𝑅, 𝜎) = 3𝑗1(𝑄𝑅) exp(−𝜎
2𝑄2/4) /(𝑄𝑅)  and 
𝑗1(𝑄𝑅) is the spherical Bessel function of the first kind of 
order 1. 𝑅1 is the radius of hydrophobic core consisting of 
dodecyl groups. 𝜎1 is a parameter measuring the fuzziness 
of the interface between hydrophobic core and hydrophilic 
corona. Computation simulations of SDS micelles in water 
have shown that the sulfate groups are essentially localized 
around the micellar periphery. Moreover, its scattering 
length density (SDS) is much higher than that of the dodecyl 
tail. We therefore use a gamma distribution 𝐹2(𝑄, 𝑎, 𝑏) =
sin[(𝑎−1)𝜙]
(1+𝑏2𝑄2)
𝑎−1
2  (𝑎−1)𝑏𝑄
  where 𝑎 = (
𝑅1
𝜎𝑔
)
2
, 𝑏 =
𝜎𝑔
2
𝑅1
 and 𝜙 =
𝑡𝑎𝑛−1(𝑏𝑄) to describe the radial distribution of the sulfate 
groups. 𝜎𝑔 is used to quantify the spatial fluctuation of sul-
fate groups caused by the invasive water and association of 
lithium anions. 𝑟c and 1 − 𝑟c are the weighting factors quan-
tifying the relative scattering contribution of each term.  
Before presenting the details of SANS data analysis, a brief 
description of our approach is helpful to depict the strategy 
for extracting the conformational heterogeneity of SDS mi-
celles from SANS experiment: Driven by the entropic effect, 
computational studies have demonstrated that water mole-
cules surrounding a SDS micelle will penetrate into the mi-
cellar interior especially the hydrophilic corona region. Due 
to the confinement effect, the packing pattern and SLD of 
invasive water are different from those of bulk water. As a 
result, both SDS surfactants and invasive water contribute to 
the measured coherent scattering intensity via compositional 
and density differences in comparison to the bulk water 
background. Therefore, both should be considered as the 
constituent components of an individual SDS micelle and 
the measured 𝐼(𝑄) is a collective reflection of the spatial ar-
rangements of SDS surfactants and invasive water. If their 
spatial distributions do not depend on 𝛾, by altering the D/H 
ratio of solvent, the scattering contributions from SDS mol-
ecules and invasive water can be uniquely compartmental-
ized from the characteristic variation of 𝐼(𝑄) presented in 
Figure 1 with the additional boundary conditions provided 
by the variation of 𝛾.  
Eqn. (2) clearly shows that the evolution of 𝐼(𝑄) in Figure 1 
is caused by the change in Δ𝜌m. This observation offers a 
convenient starting point for formulating the framework of 
 data analysis. An explicit expression of Δ𝜌m  and 𝛾  is re-
quired to address the intra-micellar mass heterogeneity. 
Given the spherical symmetry, one can express Δ𝜌m as  
Δ𝜌m = ∫ Δ𝜌m(𝑟)4𝜋𝑟
2d𝑟 , (3) 
where Δ𝜌m(𝑟) is the intra-micellar radial SLD distribution. 
The range of integration is the volume of a micelle. From 
Eqns. (2) and (3), one can express the coherent scattering 
power of a micelle as  
Δ𝜌m
2 𝑣m
2 𝑃m(𝑄) = ∬ d𝒓d𝒓′ Δ𝜌m(𝒓)Δ𝜌m(𝒓′) exp[−i𝑸
∙ (𝒓 − 𝒓′)] , (4) 
The range of integration is same as that in Eqn. (3). From 
Eqns. (2) and (4), one can show that Δ𝜌m(𝑟) takes the fol-
lowing expression   
Δ𝜌m(𝑟) = Δ𝜌m𝑣m[ 𝑟c𝑓1(𝑟, 𝑅1, 𝜎1)
+ (1 − 𝑟c)𝑓2(𝑟, 𝑅1, 𝜎𝑔)], (5) 
where 𝑓1(𝑟, 𝑅1, 𝜎1) =
3
8𝜋𝑅3
{𝑒𝑟𝑓 (
𝑟+𝑅1
𝜎1
) − 𝑒𝑟𝑓 (
𝑟−𝑅1
𝜎1
) +
𝑒𝑥𝑝[−
(𝑟+𝑅1)
2
𝜎1
2 ]−𝑒𝑥𝑝[−
(𝑟−𝑅1)
2
𝜎1
2 ]
√𝜋𝑟
} and 𝑒𝑟𝑓(𝑥) is the error function 
of 𝑥. 𝑓2(𝑟, 𝑅, 𝜎) =
𝑟𝑎−1
4𝜋𝛤(𝑎+2)𝑏𝑎+2
𝑒−
𝑟
𝑏 and 𝛤(𝑥) is the gamma 
function of x. By analyzing the SANS spectra given in Fig-
ure 1 using Eqns. (1) and (2), all the parameters in Eqn. (5) 
can be uniquely determined except for Δ𝜌m𝑣m . However, 
because 𝑃m(0) = 1, from Eqn. (1) the numerical values of 
𝑛mΔ𝜌m
2 𝑣m
2  at different 𝛾 can be determined using the ampli-
tude of 𝐼(𝑄) . By multiplying both sides of Eqn. (5) by 
(𝑛m)
1 2⁄ , the quantity Δ𝜌m(𝑟)(𝑛m)
1 2⁄  can be are experi-
mentally obtained from Eqns. (1) and (2).  
Δ𝜌m(𝑟) given in Eqn. (3) can be further expressed as the dif-
ference between the SLD distribution of a micelle 𝜌m(𝑟) 
and that of the background water 𝜌w = 𝑏w 𝑣w⁄ , where 𝑏w is 
the scattering length of bulk water and 𝑣w is its molecular 
volume (30 Å3 ). One can define 𝜌m(𝑟) ≡ 𝜌p(𝑟) + 𝜌w(𝑟) 
where 𝜌p(𝑟) and 𝜌w(𝑟) are the radial SLD distributions of 
SDS molecules and invasive water respectively. Accord-
ingly, Δ𝜌m(𝑟) can be alternatively expressed as 
Δ𝜌m(𝑟) = 𝜌p(𝑟) + 𝜌w(𝑟) − 𝜌w
= 𝜌p(𝑟) + 𝑏w [𝐻(𝑟) −
1
𝑣w
] , (6) 
where 𝐻(𝑟) is the radial number density distributions of in-
vasive water. Given 𝑏w = 𝛾𝑏D2O + (1 − 𝛾)𝑏H2O , 
Δ𝜌m(𝑟)(𝑛m)
1 2⁄  can be expressed as a linear function of 𝛾. 
Namely  
Δ𝜌m(𝑟, 𝛾)(𝑛m)
1 2⁄
= 𝛾(𝑏D2O − 𝑏H2O)(𝑛m)
1 2⁄ [𝐻(𝑟) −
1
𝑣w
]
+ (𝑛m)
1 2⁄ {𝜌p(𝑟)
+ 𝑏H2O [𝐻(𝑟) −
1
𝑣w
]} , (7) 
Eqns. (3) and (7) provides the explicit connection between 
Δ𝜌m and 𝛾. Now we can quantitatively address the intra-mi-
cellar mass heterogeneity from the dependence of 
Δ𝜌m(𝑟)(𝑛m)
1 2⁄  on 𝛾. By differentiating Eqn. (7) with re-
spect to 𝛾, only the first term on the RHS of Eqn. (7) re-
mains. After rearranging the coefficients, it is found that 
(𝑛m)
1 2⁄ [𝐻(𝑟) −
1
𝑣w
]
=
1
𝑏D2O − 𝑏H2O
d
d𝛾
[Δ𝜌m(𝑟, 𝛾)(𝑛m)
1 2⁄ ], (8) 
From the experimentally determined Δ𝜌m(𝑟, 𝛾)(𝑛m)
1 2⁄ , the 
LHS of Eqn. (8) can be determined with linear regression on 
𝛾. It is important to note that Eqn. (8) only determines the 
value of the product of (𝑛m)
1 2⁄  and 𝐻(𝑟) −
1
𝑣𝑤
, and thus one 
more boundary condition is required to uniquely determine 
both 𝑛m and 𝐻(𝑟). Due to the strong hydrophobicity of do-
decyl group, computational studies have demonstrated that 
the core region of SDS micelles is not accessible by invasive 
water. This observation allows us to specify 𝐻(0) = 0 and 
accordingly 𝑛m can be determined from Eqn. (8). Moreover, 
since SDS molecules take up all the intra-micellar interior 
space which is not accessible by invasive water, the radial 
number density distributions of SDS molecules 𝑃(𝑟) can be 
determined from the following expression  
𝑃(𝑟) = −
[𝐻(𝑟) −
1
𝑣w
] 𝑣w
𝑣SDS
, (9) 
where 𝑣SDS is the volume of a SDS molecule defined in Eqn. 
(1). Based on its molecular weight (𝑚SDS = 265 g/mol) and 
density (𝑑SDS = 1.01 g/cm
3), 𝑣SDS is found to be 437.3 Å
3. 
Given the radial distributions of water and SDS populations, 
the volume fraction distribution 𝑓w(𝑟) and 𝑓SDS(𝑟) within 𝑟 
to 𝑟 + 𝑑𝑟 can be calculated by multiplying 𝐻(𝑟) and 𝑃(𝑟) 
by 𝑣w and 𝑣SDS. Moreover, one can estimate the volume of 
sulfate head group from 𝑣SDS  and the volume of dodecyl 
𝑣tail . Since the molecular weight of dodecyl 𝑚tail =
170.34 g/mol and the density 𝑑tail = 0.749 g/cm
3, 𝑣tail is 
found to be 379 Å3 . Therefore, 𝑣SO4 = 𝑣SDS − 𝑣tail =
58.3 Å3. Accordingly, one can estimate the volume fraction 
distribution of sulfate headgroup 𝑓head(𝑟)  by multiplying 
the normalized gamma distribution Δ𝜌2(𝑟, 𝑅, 𝜎)  with the 
 micellar aggregation number given later in Figure 3. The re-
sults of 𝑓w(𝑟), 𝑓SDS(𝑟) and 𝑓head(𝑟) are given in Figure 2. 
 
Figure 2. The radial distributions of volume fraction of in-
tra-micellar water (𝑓w(𝑟), blue symbols), SDS molecules 
(𝑓SDS(𝑟), red symbols), and headgroup (𝑓head(𝑟), black sym-
bols).  
Figure 2 provides the radial distributions of invasive water 
molecules ( 𝑓w(𝑟) ), SDS molecules ( 𝑓SDS(𝑟) ) and head 
groups (𝑓head(𝑟)) in terms of volume fraction to quantita-
tively describe the intra-micellar heterogeneous mass distri-
butions. When 𝑟 > 50 Å, all the 𝑓w(𝑟) are seen to reach the 
asymptotic value of 1. Now one can use 𝑓w(𝑟)  extracted 
from this experimental method to directly gauge the compu-
tationally predicted population profile of invasive water.  
The micellar central region (𝑟 < 10Å) occupied by dodecyl 
tails essentially remains unhydrated. This observation is 
consistent with the computational and SANS results.4–
6,9,12,18,20–22 
One can the intra-micellar space 𝑣ew which is not accessible 
by water from 𝐻(𝑟). Namely, 
𝑣ew = −𝑣w ∫ [𝐻(𝑟) −
1
𝑣w
]
∞
0
4𝜋𝑟2d𝑟, (10) 
Accordingly, the aggregation number 𝑁agg can be defined as 
𝑁agg =
𝑣ew
𝑣u
− 1, (11) 
𝑁agg  is found to be approximately 70, which is in good 
agreement with existing literature value. One can also calcu-
late 𝑁agg from 𝑃(𝑟) and the results are found to be identical 
to those calculated from Eqns. (10) and (11). The number 
density of SDS micelles 𝑛m  can be further calculated to 
evaluate the dependence of micellization on salt concentra-
tion. Given the boundary condition of 𝐻(0) = 0, from Eqn. 
(8) it is found that 
𝑛m = {
𝑣w
𝑏D2O − 𝑏H2O
d
d𝛾
[Δ𝜌m(𝑟)(𝑛m)
1 2⁄ ]}
2
, (12) 
The calculated 𝑛m is given as1.54 × 10
−6 Å−3. Given the 
weight fraction of SDS molecules in solution (50 mg/mL), 
the number fraction of SDS molecules associated in mi-
celles, 𝑓m , can be calculated from 𝑛m  and 𝑁agg  to be 
0.96±0.01, which is essentially 1 within the experimental er-
rors. This observation indicates the validity of our method in 
extracting the conformational properties of SDS micelles 
within this phase region. 
Moreover, one can define the micellar boundary 𝑅b  from 
𝑁agg and 𝑃(𝑟) given in Figure 2(b) from the following equa-
tion 
∫ 𝑃(𝑟)
𝑅b
0
4𝜋𝑟2d𝑟 = 𝑁agg, (13) 
𝑅b is selected as the upper limit of the integration presenting 
on the LHS of Eqn. (13) to ensure that from the micellar cen-
ter beyond this spatial threshold SDS molecules only exist 
as free unimers in water. Another commonly used parameter 
to measure the size of a micelle is radius of gyration 𝑅g 
which can be calculated from 𝑃(𝑟). From our analysis, 𝑅b 
and 𝑅g are estimated to be 28.2 Å and 17.1 Å, respectively. 
One can further calculate the intra-micellar volume fraction 
of SDS molecules 𝜙SDS  and water 𝜙w  by defining 𝜙w =
𝑣𝑤 ∙
∫ 𝐻(𝑟)4𝜋𝑟2𝑑𝑟
𝑙
0
∫ 4𝜋𝑟2𝑑𝑟
𝑙
0
 and 𝜙SDS = 1 − 𝜙w. We use 𝑅b and 𝑅g as 
the upper limit of integrations 𝐿 to calculate 𝜙SDS = 0.84 
and 𝜙w = 0.16, respectively. From the estimated 𝐻(𝑟) and 
𝑃(𝑟) given in Figure 2, it can be concluded that additional 
invasive water molecules are mainly accommodated in the 
micellar periphery. As indicated by Figure 2, SDS molecules 
are highly localized around the micellar central region. 
Given this specific landscape of 𝑃(𝑟), the micellar spatial 
region defined by 𝑅g, which is the second moment of 𝑃(𝑟), 
is mainly occupied by the dodecyl tail groups. Therefore, it 
is not surprising that the 𝜙SDS calculated based on 𝑅g is sig-
nificantly higher than the corresponding 𝜙w. One the other 
hand, from Eqn. (13), it is clearly seen that the water-rich 
micellar periphery is incorporated in the spatial region de-
fined by 𝑅b. The evolution of 𝑅b is therefore more corre-
lated to the variation of intra-micellar hydration level.        
In summary, we investigate the structure of SDS micelles in 
aqueous solutions using the contrast variation SANS tech-
nique. From the characteristic variation of SANS intensities 
caused by the change in the D/H ratio of water, we establish 
a methodology to experimentally determine the intra-micel-
lar invasive water and SDS distributions, two crucial param-
 eters which allow us to quantitatively evaluate the confor-
mational characteristics of SDS micelles. An important area 
for self-assembled systems in aqueous environments to be 
fully explored is the correlation between the degree of hy-
dration and the self-organization of amphiphiles. Because 
the measured SANS spectra are sensitive to the isotopic ratio 
of water, it appears clear that our method, with adequate ex-
tensions to incorporate the effects such as non-spherical ge-
ometric shapes and non-negligible polydispersity, promises 
to further elucidate the micellization phenomenon from the 
perspective of conformational heterogeneity. 
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